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Summary  Metabolism  is  often  perceived  as  a  fairly  haphazard  intertwined  collection  of
chemical compounds  that  needs  to  be  memorised  by  heart.  The  apparent  absence  of  logic
in its  organisation  dissuades  most  investigators  to  enter  its  arcanes.  Yet,  metabolism,  that
results from  highly  selective  constraints  is  logically  organised.  The  atoms  of  life  must  build  up
stable covalent  bonds.  Symmetry  breaking  is  the  rule.  Proteinogenic  amino  acids  are  of  the
L-enantiomer  type,  and  this  will  imply  that  carbohydrates  are  of  the  D-type.  Water  is  ubiq-
uitous because  it  favours  entropy-driven  shaping  of  macromolecules.  Then,  being  the  bathing
medium of  life,  hydrolysis  is  the  driving  force  in  orientating  pathways.  Phosphates,  in  water,  areCell  dynamics metastable  towards  hydrolysis,  and  this  makes  them  the  ultimate  energy  quantum  and  currency.
Making a  variety  of  reactive  molecules  in  the  same  retort  implies  either  compartmentalisation
or a  protection/deprotection  procedure,  as  in  the  laboratory  of  all  chemists.
© 2015  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY license  (http://creativecommons.org/licenses/by/4.0/).Contents
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introduction: a top-down view of synthetic
iology
ithin  the  realm  of  natural  sciences  biology  is  all  about
rapping  and  taming  what  we  use  to  name  ‘‘information’’.
emarkably,  while  the  word  is  commonplace  in  biological
tudies  it  is  not  taken  as  seriously  as  in  physics,  where  infor-
ation  is  recognised  as  an  authentic  currency  of  Reality
Vedral,  2010).  Yet,  as  seen  in  the  image  of  Theseus’  ship
which  remained  apt  to  ﬂoat  while  its  boards  were  replaced
s  they  rotted  away),  the  very  existence  of  metabolism  —
here  matter  is  in  constant  ﬂux  while  the  living  entity  car-
ies  on  —  tells  us  that  information  is  at  the  core  of  life.  A
ay  to  have  access  to  its  role  is  to  reverse  the  research
rogramme  that  created  molecular  biology  (i.e.,  decom-
ose  living  organisms  into  basic  building  blocks  and  try  to
econstruct  the  organism  bottom—up)  following  instead  the
op-down  reasoning  of  the  engineer  when  he  or  she  aims  at
esigning  a  new  device.  What  should  we  take  great  care  not
o  miss  if  we  had  to  construct  a  machine  endowed  with  life?
his  entails  proceeding  from  top  to  bottom,  with  empha-
is  on  dynamic  processes  and  interactions  between  parts
Danchin  and  Sekowska,  2013).
We  apply  here  this  view  to  metabolism,  the  core  dynamic
rocess  that  unfolds  life’s  attributes,  made  of  the  chem-
cal  transformations  that  keep  going  on  as  life  proceeds.
owever,  exploring  the  logic  of  metabolism  would  certainly
equire  the  writing  of  a  very  large  book.  This  cannot  be
he  purpose  of  this  article.  We  have  therefore  limited  the
cope  of  our  views,  depicting  only  some  of  the  logical  con-
traints  that  give  the  general  ﬂavour  of  the  rules  that  drive
etabolism.  We  hope  that  this  will  allow  the  reader  to  see
etabolism  as  a  logically  organised  set  of  chemical  reactions
riving  the  processes  which  make  life  as  we  know  it.
In  this  limited  set  we  retained:
 basic  constraints:  a  choice  of  atoms  (allowing  the  making
of  stable  aperiodic  polymers  in  water)
 asymmetry,  as  the  root  of  information:  stereochemistry
(e.g.,  L-aminoacids,  D-sugars)
 anabolism  (going  forward  via  hydrolysis)
 after  the  feast:  coping  with  leftoversand  ﬁnally,  because  the  passing  of  time  spoils  all  things:
 coping  with  inevitable  errors  (paralogous  metabolism)
T
b
t
basic chemical constraints
he  atoms  of  life
he  elements  we  ﬁnd  in  living  organisms  are  but  a  fraction  of
hose  in  Mendeleieff’s  Table  (Fig.  1).  This  is  not  by  chance.
ife  develops  in  water  at  a  temperature  of  approximately
00  K.  A  core  property  of  its  ingredients  is  that  besides  a
imited  number  of  small  molecules  (a  few  tens  of  atoms),
ife  is  made  of  macromolecules,  giant  polymers  obtained
y  removal  of  a  water  molecule  between  residues  chosen
mong  a  small  alphabet  of  basic  building  blocks,  twenty
mino  acids  and  ﬁve  nucleotides.  This  simple  arrangement
llows  for  the  necessary  information  management  which  is
t  the  root  of  life:  while  the  backbone  of  these  polymers
a  sequence  of  peptide  or  phosphodiester  bonds)  is  invari-
ble,  the  side  chains  may  be  arranged  in  an  inﬁnite  variety
f  combinations.  Still,  making  macromolecules  implies  con-
iderable  physico-chemical  constraints  because  this  requires
he  repeated  formation  of  stable  covalent  bonds.  In  a  cova-
ent  bond  electrons  share  their  presence  between  two  or
ore  atoms’  nuclei.  The  electrons  associated  to  a  nucleus
ollow  the  rules  of  quantum  physics  laws,  with  energy  levels
hat  can  be  arranged  along  rows  and  columns,  according  to
he  way  they  match  with  the  charge  of  their  cognate  nuclei.
As  the  rank  of  the  row  increases,  the  (negative)  elec-
rons  of  the  outer  shell  of  the  atom  become  more  and
ore  loosely  tied  to  the  (positive)  nucleus.  When  the  outer
hell  is  complete  the  atom  is  unreactive  (this  corresponds
o  the  so-called  rare  gases).  In  a  nutshell,  this  arrange-
ent  makes  that  the  best  candidates  for  building  stable
ovalent  bonds  are,  besides  hydrogen,  some  of  the  atoms
resent  in  the  second  row  of  the  periodic  table.  Further
own,  the  atoms  involved  are  mainly  involved  in  electro-
tatic  bonds  (much  weaker  than  covalent  bonds)  and  in
lectron  exchanges  (redox  reactions).  Another  constraint,
omewhat  anecdotal  and  often  ignored,  involves  the  logic
f  history.  It  concerns  three  atoms:  lithium,  beryllium  and
oron.  All  three  are  rare  in  the  universe  for  cosmologi-
al  reasons:  they  were  generated  in  a  limited  amount  by
ucleosynthesis  during  the  ﬁrst  stages  of  our  universe’s  for-
ation  (Bernas  et  al.,  1967).  Finally,  ﬂuorine,  if  present
n  biomolecules,  is  exceedingly  rare  (Ayoup  et  al.,  2014).
his  is  because  carbon—ﬂuorine  bonds  are  extremely  sta-
le  and  cannot  be  metabolised  easily.  As  a consequence,
he  primary  atoms  of  life  are  restricted  to  hydrogen,  car-
on,  nitrogen  and  oxygen  (typically  the  atoms  combined  in
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Figure  1  The  periodic  table  of  elements,  with  emphasis  on  life-related  atoms.  All  elements  found  in  life  are  shown  in  orange.  The
four central  elements  of  life,  hydrogen,  carbon,  nitrogen  and  oxygen  are  shown  in  deep  orange.  Elements  that  are  cosmologically
rare are  in  purple.  Rare  gases  are  in  deep  blue.  Metals  involved  in  central  electrostatic  interactions  are  in  medium  orange,  together
side  
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swith chlorine,  that  is  used  as  a  counter-anion  in  many  ﬂuids  out
silicium or  tungsten)  are  used  only  in  a  limited  number  of  speci
extra-terrestrial  molecules,  when  they  are  found).  An  inter-
esting  endeavour  in  synthetic  biology  would  be  to  try  and
include  boron  in  the  picture.
As  shown  in  the  ﬁgure,  other  atoms  are  also  involved
in  living  organisms.  Most,  in  fact,  play  important  roles
in  speciﬁc  features  of  catalytic  reactions  needed  to  con-
struct,  modify  and  destroy  covalent  bonds,  electrostatic
interactions  (metals)  and  more  or  less  complicated  electron
exchanges  (transition  metals  and  complex  anions  such  as
molybdate  or  tungstate).  Arsenic  can  be  found  in  some  rare
arsenolipids  or  arsenosugars,  for  example  (Couture  et  al.,
2012).  Two  outliers  have  to  be  accounted  for  because  they
are  ubiquitously  present  in  living  cells:  sulphur  (the  higher
homolog  of  oxygen)  and  phosphorus  (the  higher  homolog  of
nitrogen).  The  former,  being  in  a  lower  row  than  oxygen,
is  mainly  involved  in  electrons  trafﬁcking  (its  biologically-
relevant  redox  potential  varies  from  −2  to  +6),  in  formation
of  energy-rich  thioesters  and  via  a  remarkable  afﬁnity  for
iron,  in  making  iron-sulphur  clusters  that  probably  had  a
seminal  role  on  the  origin  of  life  on  earth,  where  it  is  quite
abundant  (Wickramasinghe,  1973).  The  latter,  phosphorus,  is
the  candidate  that  Wolfe-Simon  and  colleagues  proposed  to
see  replaced  by  arsenic  in  an  incredibly  ludicrous  article  that
delighted  the  ignorant  pursuit  of  mass  media  (Wolfe-Simon
et  al.,  2011).  Phosphorus  has  been  retained  as  a  preferred
element  for  life  because  of  a  remarkable  property  of  phos-
phates  (not  shared  by  arsenates):  polyphosphates  can  be
hydrolysed,  but  this  requires  a  very  high  activation  energy,
allowing  phosphates  to  behave  as  the  basic  energy  currency,
able  both  to  be  stored  and  exchanged  (Westheimer,  1987).
‘‘Dissymmetry,  this  is  life’’  (Louis  Pasteur)
With  these  atoms  as  building  blocks  a  huge  number  of
small  molecules  can  be  constructed.  However,  life  has
retained  a  small  number  of  those,  building  its  informational
requirements  on  the  construction  of  macromolecules  with
a  common  skeleton,  made  of  peptide  bonds  for  proteins
and  on  phosphodiester  bonds  for  nucleic  acids.  Everyone  is
aware  that  a  great  many  compounds  that  make  the  cell’s
metabolism  are  asymmetric.  With  their  alpha-carbon  atom
linked  to  an  amino-  and  a  carboxyl-group  amino  acids  can
be  split  in  two  major  enantiomers,  L-  and  D-.  Proteins  are
composed  of  L-aminoacids.  Whether  this  is  the  result  of  a
purely  contingent  accident  of  prebiotic  life  or  not  has  been
the  subject  of  much  discussion,  for  fairly  irrational  reasons.
Indeed,  symmetry  breaking  is  a  common  property  of  physi-
cal  systems  —  it  is  where  information  steps  in  —  and  there  is
(
a
e
gcells.  Some  elements  (e.g.,  arsenic,  ﬂuorine,  bromine,  iodine,
ertainly  no  need  to  try  and  look  for  a  compelling  cause  for
he  presence  of  L-amino  acids  in  extant  proteins.  Symme-
ry  had  to  be  broken  in  the  amino  acid  choice  for  building
olymers,  exactly  as  we  have  to  drive  on  the  right  or  on
he  left  in  order  to  prevent  collisions  or  impossible  trafﬁc
ams.  Once  a  side  has  been  chosen,  only  a  dictator  could
everse  it,  as  Napoleon  did,  changing  road  riding  from  left  to
ight.
We  can  thus  take  for  granted  that  proteinogenic  amino
cids  are  of  the  L-type  and  accept  that  this  is  contingent.
y  contrast,  carbohydrates  in  cells  are  most  often  based
n  a  D-stereoisomer  skeleton.  This  is  no  longer  a  random
ick.  Carbohydrate  asymmetry  is  driven  by  the  asymmetry
f  amino  acids.  Indeed,  there  is  a strong  selective  advan-
age  in  avoiding  chemical  interference  with  the  costliest
rocess  of  life,  translation  of  messenger  RNAs  into  pro-
eins  (Russell  and  Cook,  1995).  Glycerate  and  its  variants
re  core  metabolites  of  central  carbohydrate  metabolism.
-glycerate  closely  mimicks  L-serine  and,  were  it  present
t  a  substantial  concentration,  it  would  slow  down  many
f  the  processes  where  this  amino  acid  is  involved.  It  is
asy  to  understand  that  this  created  a  strong  pressure  for
avouring  its  enantiomer  D-glycerate.  Indeed,  L-glycerate  is
enerally  toxic  in  extant  living  systems  (Zhu  and  Lin,  1987).
s  a consequence,  the  central  carbon  pathways  giving  rise  to
luconeogenesis,  the  pentose  pathway  and  related  pathways
aturally  led  to  the  ubiquitous  D-carbohydrates.
The  role  of  speciﬁc  stereoisomers  is  central  in  life,  and
peciﬁc  enzymes  can  choose  between  one  or  the  other.
or  example,  methionine  sulphoxide  reductase  A  uses  the
-methionine  sulphoxide  epimer,  while  methionine  sulphox-
de  reductase  B  uses  the  R-epimer  (Lee  and  Gladyshev,
011).  Remarkably,  the  two  reductases  have  catalytic  sites
hat  more  or  less  mirror  each  other,  displaying  a  fairly
xtraordinary  scenario  of  mirror-symmetry  convergent  evo-
ution  (Lowther  et  al.,  2002).  While  it  is  essential  in  driving
etabolism,  this  constraint  in  the  management  of  symme-
ry  is  often  overlooked.  Yet,  asymmetry  may  be  involved  in
rucial  structures  that  have  a  considerable  impact  on  evo-
ution.  Based  on  asymmetry,  an  interesting  instance  of  the
ed  Queen  process  that  drives  a  good  deal  of  evolution  may
ave  been  opened  up  in  the  early  times  of  life.  We  know  that
embranes  differ  between  Bacteria  and  Eukarya  on  the  one
and  and  Archaea  on  the  other  hand.  The  former  have  a
keleton  of  phospholipids  based  on  sn-glycerol-3-phosphate
Yao  and  Rock,  2013;  Wendel  et  al.,  2009).  The  latter  have very  similar  lipid  bilayer,  but  it  is  based  on  ethers  (Koga
t  al.,  1993),  rather  than  esters,  and,  remarkably,  on  sn-
lycerol-1-phosphate  (Nishihara  et  al.,  1999),  which  —  and
18  
Figure  2  Two  enantiomers  of  glycerol-phosphate  make  the
backbone  of  the  lipid  bilayer  in  biological  membranes.  Bacteria
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pyrophosphate  hydrolysis  were  coupled  to  some  vectorialnd  Eukarya  use  sn-glycerol-3-phosphate  while  Archaea  use  sn-
lycerol-1-phosphate.
his  is  not  apparent  in  the  standard  nomenclature  —  is  the
irect  enantiomer  of  sn-glycerol-3-phosphate  (Fig.  2).
This  chemical  discrepancy  is  consistent  with  a  chemically
riven  scenario  of  the  origin  of  life,  where  the  ﬁrst  cells  were
hagocytes  which  explored  their  environment  by  engulﬁng
ther  cells,  either  creating  compartmentalised  structures  or
egrading  them  as  food  sources.  This  widespread  situation
pened  up  an  escape  way:  cells  could  either  make  strong  and
obust  envelopes  to  escape  predation  (and  this  led  to  the
acteria),  or  they  had  membranes  that  could  not  fuse  with
hose  of  their  putative  predators,  allowing  them  to  break
oose,  and  this  led  to  the  Archaea  (Danchin,  2014).  This  pos-
ibly  explains  why  cells  which  belong  to  the  Archaea  domain
re  never  pathogens.  Yet  they  are  present  everywhere,  and
ome  animals  are  reservoirs  of  many  of  their  species  (e.g.,
ermites  or  bovines,  with  their  complex  gut).
urrent  metabolites:  why  the  twenty
roteinogenic  amino  acids?
wenty  amino  acids  (twenty-two  with  selenocysteine  and
yrrolysine)  make  the  skeleton  of  all  proteins.  Several,  such
s  glycine,  alanine,  serine  or  aspartate  are  quite  simple  and
ndeed  easily  formed  under  fairly  mild  chemical  conditions.
ut  others,  such  as  the  aromatics  phenylalanine,  tyrosine
nd  tryptophan,  or  the  basic  amino  acids  histidine,  lysine
nd  arginine  are  much  more  complicated  and  would  require
airly  intricate  hypotheses  to  explain  how  they  could  be  gen-
rated  spontaneously.  This  small  set  of  amino  acids  has  been
elected  for  because  of  the  speciﬁc  role  of  their  side  chains,
harged,  or  hydrophobic,  but  also  displaying  speciﬁc  inter-
ction  qualities  such  as  in  aromatics  (Pascal  et  al.,  2005).
As  another  case  in  point,  methionine,  with  its  long
traight  chain,  behaves  as  a  drop  of  oil.  Yet,  this  role
ould  have  been  performed  by  norleucine,  and  indeed
orleucine  is  not  very  toxic  and  can  replace  most  methion-
nes  in  proteins  when  made  available  to  cells  (Barker  and
ruton,  1979).  Why  was  methionine  retained,  then?  The
hort  answer  highlights  a  general  constraint  that  contributes
o  explain  why  proteins  are  made  of  the  extant  amino
cids:  history.  Indeed,  methionine  is  likely  to  have  existed
ery  early  on,  when  sulphur  was  ubiquitous  in  prebiotic
yntheses  (Danchin,  1989;  de  Duve,  1992;  Wachtershauser,
007).  It  became  a  core  constituent  of  the  ubiquitous
etabolite,  S-adenosyl-methionine  (AdoMet),  which  is  the
niversal  methyl-group  donor,  as  well  as  the  precursor  of
he  amino  propyl-groups  important  for  polyamine  biosyn-
hesis  (Sekowska  et  al.,  2000).  Norleucine  could  not  replace
ethionine  as  it  would  have  limited  its  role  to  providing
he  ‘‘lubricant’’  function  of  methionine  in  proteins.  This
t
o
mA.  Danchin,  A.  Sekowska
recluded  it  to  substitute  for  methionine  in  its  general
etabolic  functions.
Several  other  L-amino  acids  are  present  in  the  core  cell
etabolism.  Why  are  they  not  found  in  proteins?  Here,  a
ogic  of  another  type  substitutes  for  the  constraints  of  his-
ory:  with  many  non-proteinogenic  amino  acid  chemistry
mposes  considerable  limitations  to  the  reactions  that  may
nfold  in  particular  in  the  translation  process.  For  instance,
omoserine,  homocysteine  and  ornithine  are  rejected  from
roteins.  Yet  they  are  common  components  of  non-ribosomal
eptide  synthesis  (Cheung  et  al.,  2009).  Their  rejection  from
roteins  is  accounted  for  by  the  existence  of  an  inevitable
bstacle  when  they  are  activated  during  translation:  they
yclise  and  abort  the  process  (Jakubowski  and  Fersht,  1981).
ther  omissions,  such  as  the  lack  of  L-alpha-aminobutyrate
n  proteins  are  more  difﬁcult  to  explain.  This  amino  acid
s  indeed  a  common  by-product  of  branched-chain  amino
cids  biosynthesis  (Hofgen  et  al.,  1995) and  the  reason  for
ts  absence  from  proteins  is  not  immediately  apparent.  It
ay  be  that  its  similarity  with  L-alanine  does  not  provide  it
ith  sufﬁcient  advantage  to  have  recruited  speciﬁc  tRNAs
nd  codons,  certainly  a  very  costly  process  in  terms  of  the
umber  of  genes  involved.
hemistry and time: going forward
 central  rule  of  life  is  that  it  keeps  going.  While  the  vast
ajority  of  biochemical  reactions  are  close  to  equilibrium
nd  can  go  in  either  direction  depending  on  the  availabil-
ty  of  the  substrates/products,  some  impose  the  direction
f  the  overall  metabolism.  The  dominant  agent  here  is
ater  because,  in  molecular  terms,  it  is  in  very  large  excess
of  the  order  of  50  M)  as  compared  to  any  of  the  other
hemicals  that  make  the  cell’s  metabolism.  This  implies
hat  hydrolysis  displays  a  considerable  kinetic  power,  driv-
ng  reactions  forward.  We  illustrate  this  fact  here  with  two
xamples,  hydrolysis  of  pyrophosphate,  and  deamidation  of
-ketoglutaramate.
yrophosphate  hydrolysis  and  phosphorolysis
yrophosphate  hydrolysis  is  a  well-known  process  but,
espite  the  fact  that  pyrophosphatase  is  an  essential
nzyme,  its  impact  is  underestimated.  Indeed,  many
etabolic  reactions  (more  than  500  are  listed  in  the  KEGG
atabase,  Tanabe  and  Kanehisa,  2012)  produce  pyrophos-
hate  (PPi).  This  is  illustrated  by  synthesis  of  a  wealth  of
mall  molecules  (e.g.,  building  blocks  such  as  asparagine,
ulfate  assimilation  enzymes,  regulators  such  as  cyclic
MP,  etc.)  or  of  macromolecules  (e.g.,  synthesis  of  nucleic
cids  produces  pyrophosphate,  and,  in  fact,  an  excess  of
yrophosphate  will  lead  polymerases  to  go  backward  instead
f  forward,  Liu  and  Sommer,  2004).  Hydrolysis  of  pyrophos-
hate  is  probably  the  major  driver  of  the  cell  metabolism.
emarkably,  despite  its  apparent  outcome  in  wasting  energy,
his  reaction  is  not  always  linked  to  means  to  recover  the
nergy  stored  in  the  molecule  as  would  be  the  case  ifransport.  This  suggests  that  involvement  of  this  product
f  so  many  reactions  is  decisive  as  a  general  agent  driving
etabolism  forward.  So  much  so  that  it  was  difﬁcult  even
19
Figure  3  Excerpt  of  pyrimidine  nucleotide  metabolism  path-
ways.  Hydrolysis  of  pyrophosphate  is  the  driving  force  of
nucleic  acids  synthesis.  It  is  also  essential  for  the  forma-
tion of  thymidylate.  Synthesis  of  deoxycytidylate  requires  RNA
t
p
b
(
t
a
d
T
o
s
i
D
C
S
i
m
a
o
c
A
t
o
A
p
n
c
u
a
t
p
aThe  logic  of  metabolism  
during  the  long  time  of  evolution  to  reconcile  energy  pro-
duction  and  keeping  things  in  control  (in  general  life  prefers
to  lose  energy  rather  than  to  lose  control).  Nevertheless,
in  several  organisms,  some  specialised  structures  associate
a  membrane  pyrophosphatase  and  vectorial  transport,  and
this  is  presumably  an  ancient  feature  of  metabolism  (Tsai
et  al.,  2014).
With  pyrophosphate  in  mind  we  may  observe  that  there
is  a  chemical  logic  in  the  distribution  of  the  various  roles
of  mono-,  di-  and  triphospho-nucleosides  in  metabolic  path-
ways.  The  energy  loaded  in  the  phosphate  bond  between  the
alpha-,  beta-  and  gamma-positions  is  not  available  in  the
same  way.  Pyrophosphate  production  results  from  hydroly-
sis  of  NTPs  between  their  alpha-  and  beta-phosphate  groups.
The  alpha-bond  is  fairly  stable  and  cannot  be  readily  used  as
an  energy  currency  (an  exception  is  found  in  the  two  steps
synthesis  of  AdoMet  from  methionine  and  ATP,  presumably  a
very  ancient  reaction  (Pajares  and  Markham,  2011),  where
both  phosphate  and  pyrophosphate  are  produced,  the  over-
all  reaction  being  driven  by  pyrophosphate  hydrolysis).  By
contrast,  the  beta-  and  gamma-phosphates  can  be  readily
mobilised,  releasing  a  similar  amount  of  energy.  Why,  then,
three  phosphates  in  nucleotides,  not  just  two?  The  energy
of  the  beta-phosphate  of  ADP  or  GDP  can  be  used  in  phos-
phorylation,  as  shown  in  some  reactions  (Castro-Fernandez
et  al.,  2014).  Yet,  this  is  the  exception  rather  than  the  rule.
Indeed,  the  need  to  proceed  forward  requires  a  kinetically
irreversible  step.  This  step  is  provided  by  pyrophosphate
hydrolysis,  as  just  discussed.  This  implies  that  a  pyrophos-
phate  molecule  is  produced  when  using  the  energy  carried
by  nucleotides.  Because  of  the  energy  availability  difference
between  the  ﬁrst  alpha-phosphate  group  and  the  subsequent
groups,  this  requires  that  the  nucleotides  have  no  less  than
three  phosphates.  In  fact,  while  nucleotides  are  commonly
used  as  NTP  →  NDP  +  activated  phosphate,  many  reactions
use  NTPs  in  the  form  NTP  →  activated  NMP  +  PPi,  with  acti-
vated  NMP  as  an  intermediate  in  a  further  reaction,  such  as
in  the  transcription  and  replication  processes,  or  in  synthe-
sis  of  dTMP  (irreversibly  coupled  to  elimination  of  dUTP  in
order  to  prevent  U  from  getting  into  DNA,  Fig.  3).  Interest-
ingly,  identifying  reactions  of  this  type  might  be  used  as  the
signature  of  reactions  present  in  ancient  metabolism.  The
corresponding  exploration  has  not  yet  been  undertaken.
This  chemical  logic  opens  a  checkpoint  at  the  level  of
phosphate  availability.  This  permitted  evolution  to  develop
a  remarkable  process,  phosphorolysis,  that  allows  recov-
ery  of  energy-rich  phosphate  bonds  while  breaking  down
molecules.  Acting  as  a  substitute  for  hydrolysis,  phos-
phorolysis  is  central  in  the  metabolism  of  nucleotides.
Polynucleotide  phosphorylase,  a  ubiquitous  enzyme  present
in  the  bacterial  degradosome  and  in  the  exosome  of  Archaea
and  Eukarya,  uses  phosphate  to  break  down  nucleic  acids
into  NDPs,  the  energy-rich  counterparts  of  the  NMPs  pro-
duced  by  hydrolysis  (Lin-Chao  et  al.,  2007).  Now,  NDPs  are
the  ubiquitous  precursors  of  deoxyribonucleotides,  and  this
offers  an  explanation  for  why  they  are  almost  exclusively
made  from  ribonucleoside  diphosphates  not  triphosphates
(Ahmad  and  Dealwis,  2013).  Using  nucleoside  diphosphates
instead  of  triphosphates  also  ﬁts  with  their  lower  supply  in
the  cell,  which  is  a  better  match  with  the  amount  of  DNA
as  compared  to  that  of  RNA.  Finally,  production  of  nucleo-
side  diphosphates  solves  an  intriguing  riddle  of  pyrimidine
A
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burnover  and  phosphorolysis,  managed  by  polynucleotide  phos-
horylase  (PnpA)  is  used  to  spare  energy.
iosynthesis  (Fig.  3),  because  it  drives  synthesis  of  dCDP
subsequently  dCTP)  under  conditions  when  the  de  novo  syn-
hesis  of  CTP  does  not  proceed  through  a  CDP  step—required
s  a  substrate  of  ribonucleotide  reductase  —  but  comes
irectly  from  transamination  of  UTP  (Nitschke  et  al.,  1998).
his  intriguing  metabolic  feature  also  reveals  the  presence
f  an  unexpected  coupling  between  RNA  turnover  and  DNA
ynthesis,  an  observation  that  should  be  taken  into  account
n  all  system  biology  studies  modelling  metabolism.
eamidation  as  a  forward  reaction
hemical  reactions  in  living  cells  are  essentially  reversible.
ome  are  driven  to  a  particular  state  when  a  substrate  is
n  great  excess  relative  to  the  local  availability  of  other
etabolites.  Such  is  the  case  of  reactions  involving  water  as
 substrate.  Reversibility  is  taken  into  account  in  the  logical
rganisation  of  metabolism  when  the  cell  decides  between
onstructing  biomass  or  catabolising  available  nutrients.
 molecule  does  not  have  a  label  attached  to  it  telling
he  cell  whether  it  will  be  used  in  an  anabolic  process
r  be  degraded  to  provide  particular  groups  or  atoms.
mino  acids  are  cases  in  point:  they  may  be  chained  into
olypeptides  during  protein  synthesis  or  used  as  carbon,
itrogen  (or  sulphur)  sources.  The  core  reaction  in  the  pro-
ess  is  generally  a  transamination  step,  at  the  expense  of
biquitous  donors/acceptors  generated  by  the  TCA  cycle,
spartate/oxaloacetate  and  glutamate/ketoglutarate.  In
his  process  an  alpha-keto-amino  acid  precursor  (for  exam-
le  alpha-keto-isovalerate)  will  be  modiﬁed  into  an  amino
cid  (in  this  case  L-valine)  by  a relevant  aminotransferase.
mino  acids  may  also  be  used  as  carbon  and  nitrogen
ources,  and  in  this  case  the  aminotransferase  reaction  will
ield  an  alpha-ketoacid,  which,  often,  will  subsequently
e  decarboxylated,  while  the  decarboxylated  remaining
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f  the  molecule  will  be  carried  over  via  formation  of  an
cyl-CoA  derivative  (in  the  case  of  valine,  isobutyryl-CoA).
he  overall  metabolic  ﬂuxes  will  be  determined  by  the
ocal  relative  amounts  of  the  various  molecules  involved.
riggering  biomass  construction  will  favour  production  of
ost  amino  acid,  while  those  used  as  carbon  or  nitrogen
ources  will  be  fuelled  into  catabolic  processes.  Yet,  in  some
ases,  it  might  be  awkward  or  deleterious  for  the  cell  to
egrade  an  amino  acid  that  is  a  costly  resource.  Making
ransamination  of  methionine  irreversible  in  the  direction  of
ethionine  synthesis  (to  prevent  loss  of  this  costly  sulphur-
ontaining  metabolite)  illustrates  another  feature  of  the
ogic  of  metabolism.
While  sulphur  is  ubiquitous  in  biomolecules,  it  is  a
ighly  reactive  atom,  very  sensitive  to  the  redox  poten-
ial  of  its  local  environment.  As  a  consequence,  sparing
rocesses  that  enable  the  cell  to  keep  a  sulphur  atom
n  its  ﬁnal  chemical  and  electronic  environment  (inside
ell  characterised  groups  of  atoms)  often  exists  in  cells
Sekowska  et  al.,  2000).  Methionine  is  a  central  metabolite
f  all  living  organisms.  It  is  the  precursor  of  S-adenosyl-
ethionine  (AdoMet).  It  is  used  in  initiation  of  protein
ynthesis  and  it  is  a  major  residue  in  proteins,  with  spe-
iﬁc  functions  such  as  copper  binding  (Maryon  et  al.,
013;  Long  et  al.,  2012).  Its  synthesis  is  costly  (either
ia  the  inefﬁcient,  hence  abundant,  methionine  synthase
etE  (Li  et  al.,  2014)  or  using  MetH,  a  B12-dependent
nzyme,  very  costly  in  genetic  terms  (Randaccio  et  al.,
010)),  and  its  precursor  homocysteine  is  toxic.  The  fate
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p
M
v
igure  4  Summary  of  the  methionine  salvage  pathway.  While  m
ransferase, MtnE  aminotransferase  uses  glutamine  as  the  alpha-am
etoglutarate in  an  irreversible  step.A.  Danchin,  A.  Sekowska
f  AdoMet,  which  can  donate  each  one  of  its  sulphur-linked
roups:  methyl-,  aminobutyryl-  (usually,  after  decarboxyl-
tion  as  aminopropyl-),  and  adenosyl-  (ribosyl-)  illustrates
ow  methionine  is  spared  via  a  methionine  salvage
athway.  Methyl-transfer  results  in  the  synthesis  of  S-
denosyl  homocysteine  (AdoHcy),  which  is  recycled  or
urther  metabolised,  either  after  excision  of  the  adenine
oiety  by  hydrolysis  catalysed  by  methylthioadenosine/S-
denosylhomocysteine  nucleosidase  (Parveen  and  Cornell,
011),  or  by  hydrolysis  into  adenosine  and  homocysteine
y  S-adenosylhomocysteine  hydrolase  (Turner  et  al.,  2000)
Fig.  4).  When  the  aminopropyl-group  is  transferred  during
ynthesis  of  spermidine  and  spermine  after  decarboxyl-
tion  of  AdoMet,  methylthioadenosine  (MTA)  is  formed.
his  same  by-product  is  also  produced  by  N-acylhomoserine
actone  synthases  for  quorum  sensing  in  Gram-negative
acteria  (Schuster  et  al.,  2013) and  1-aminocyclopropane-
-carboxylate  (ACC)  synthase  in  plants  (and  possibly  in
acteria  producing  ethylene,  Lin  et  al.,  2009).  Further-
ore,  other  still  unknown  reactions  might  exist,  transferring
he  aminopropyl-group  to  yet  unrecognised  acceptors  (most
ikely  to  be  nitrogen  atoms).
Recycling  the  sulphur-containing  compounds  S-
denosylhomocysteine  and  MTA  is  a  challenge  for  all
ells.  Remarkably,  MTA  metabolism  regenerates  methionine
n  the  process  (Sekowska  et  al.,  2004).  While  salvage
roceeds  ﬁrst  via  either  hydrolysis  or  phosphorolysis  of
TA,  recent  work  has  established  that  there  is  considerable
ariation  in  the  ﬁrst  steps  of  the  pathway,  with  sometimes
ethionine  and  aromatics  may  be  equilibrated  via  TyrB  amino-
ino  donor,  producing  ketoglutaramate  which  is  hydrolysed  into
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deamination  of  MTA  followed  by  phosphorolysis  of  methylth-
ioinosine  (Guan  et  al.,  2012).  The  downstream  steps  are
also  variable,  but  a  common  ﬁnal  product  is  the  immediate
precursor  of  methionine,  2-keto-4-methylthiobutyrate
(KMTB)  (Fig.  4).  This  keto  acid  is  readily  transaminated  into
methionine.  However,  in  the  cases  where  the  reaction  has
been  explored,  it  appeared  that  glutamine  was  used  as
the  alpha-amino  group  donor,  not  glutamate  (Berger  et  al.,
2003).  This  is  very  surprising  because  the  reaction  would
produce  alpha-ketoglutaramate,  a  molecule  that  is  not  part
of  standard  metabolic  pathways  and  possibly  toxic  (Cooper
and  Kuhara,  2014).  Analysis  of  the  genes  co-evolving  with
the  pathway  showed  us  that  an  omega  amidase  (MtnU)
is  usually  present  in  parallel  with  the  methionine  salvage
pathway.  This  enzyme  hydrolyses  alpha-ketoglutaramate  in
to  alpha-ketoglutarate  and  ammonium,  solving  the  riddle
of  the  requirement  for  glutamine.  The  logic  of  this  step
comes  to  the  fore:  because  this  is  a  hydrolytic  reaction,  it
drives  the  methionine  salvage  pathway  forward,  precluding
degradation  of  methionine  (Belda  et  al.,  2013).
An example of functional logic: coping with
leftovers
The  logic  of  metabolism  is  also  constrained  by  essential
functions  which  can  be  revealed  using  functional  analysis
(Fantoni  et  al.,  2009).  For  instance,  management  of  waste
is  of  major  importance.  Among  the  many  related  processes,
we  ﬁnd  trashing  and  compacting,  as  well  as  shredding  used
or  obsolete  components  into  pieces  in  order  to  recover  some
of  the  basic  cell’s  building  blocks.  The  construction  of  par-
ticular  metabolites  also  generates  a  signiﬁcant  amount  of
leftovers  that  need  to  be  dealt  with.  For  example,  3′,5′-
adenosine  bisphosphate  (pAp)  is  produced  during  sulphate
assimilation  and  coenzyme  A  synthesis.  In  an  attempt  to
characterise  the  proteins  involved  in  its  management,  we
puriﬁed  an  E.  coli  extract  on  a  Sepharose-pAp  column.
This  procedure  retained  several  proteins.  Among  those  we
found  both  the  CysQ  protein,  known  to  be  a  phosphatase,
and  the  Orn  protein,  a  nuclease  degrading  nanoRNAs  (less
than  5  nucleotides  long)  leftovers  from  RNA  degradation
(Mechold  et  al.,  2007).  Interestingly,  both  enzymes  cope
with  leftovers  of  metabolism  but  in  pathways  previously  not
known  to  be  related.  Synthesis  of  coenzyme  A  as  well  as
sulphate  assimilation  produce  pAp.  Control  of  gene  expres-
sion  requires  RNA  turnover,  and  nanoRNAs  are  produced
continuously.  They  are  degraded  into  the  corresponding
mononucleotides,  that  can  be  recycled  into  anabolic  pro-
cesses  (RNA  and  DNA  synthesis  in  particular)  by  nanoRNases.
Is  this  connection  between  quite  different  pathways
random?  What  is  the  situation  in  other  bacteria?  Genome
analysis  uncovered  counterparts  of  Orn  in  the  proteome  of
gamma-Proteobacteria,  but  not  in  Firmicutes,  Cyanobac-
teria  or  alpha-Proteobacteria.  Yet  degrading  nanoRNAs  is
certainly  an  essential  function  (these  very  short  RNAs  ﬁt  the
transcription  and  replication  bubbles,  and  they  will  certainly
interfere  with  transcription  and  replication).  Uncovering  a
need  creates  a  function,  as  we  know  in  our  daily  expe-
rience.  This  certainly  does  not  mean  that  the  function  is
fulﬁlled  by  the  same  structure:  in  order  to  eat  without  soil-
ing  one’s  hand  one  may  use  a  fork  or  a  pair  of  chopsticks.  We
m
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ust  understand  that  function  (implying  information)  pre-
ates  structure,  although  this  is  not  a  widely  spread  view.
e  therefore  expected  to  uncover  functional  counterparts
f  Orn  in  all  bacterial  clades.  And  yes,  complementation
f  an  E.  coli  orn  defect  by  libraries  from  a  variety  of  bac-
erial  genomes  revealed  proteins  coming  from  unrelated
tructural  descents,  such  as  NrnA  in  Firmicutes.  Remark-
bly,  some  were  also  able  to  hydrolyze  pAp,  i.e.,  could  play
he  role  that  CysQ  plays,  substantiating  the  connection  we
ad  uncovered.  Furthermore,  organisms  such  as  Mycobac-
erium  tuberculosis  have  counterparts  of  both  orn  and  nrnA,
hile  they  also  have  a  cysQ  gene  showing  that  degradation  of
anoRNA  is  very  important  in  this  organism  with  a  complex
ifestyle  (very  long  persistent  life  in  particular)  (Postic  et  al.,
012).  At  the  present  time  there  are  at  least  three  differ-
nt  descents  that  lead  to  nanoRNAses,  the  Orn  descent  (also
resent  in  vertebrates),  the  NrnA  descent  (present  in  Firmi-
utes  and  Cyanobacteria)  and  the  NrnC  descent  (present  in
lpha-Proteobacteria,  Liu  et  al.,  2012).
aralogous metabolism
etabolism  is  not  a haphazard  collection  of  chemical  reac-
ions.  It  is  organised  around  a  selected  choice  of  building
locks  and  molecules  acting  as  currencies  for  energy  man-
gement.  As  all  processes  unfolding  at  300  K  metabolism  is
rone  to  make  errors,  creating  a  shadow  metabolism  that
e  named  paralogous  metabolism  (Danchin  and  Sekowska,
014) and  that  produces  a  variety  of  molecules  which  are
ealt  with  via  speciﬁc  pathways.  We  illustrate  this  situation
ith  a  short  list  of  paralogous  compounds,  and  describe  in
etails  the  speciﬁc  situation  of  derivatives  of  a  paralog  of
ethionine,  S-methyl-cysteine,  which  allowed  us  to  charac-
erise  the  way  natural  selection  organised  the  corresponding
hemical  logic.
aralogous  compounds  are  recruited  for  new
unctions
s  discussed  above,  proteinogenic  L-amino  acids  are
estricted  to  a  short  list  of  comparable  compounds.  It  is
bvious  that  chemically-related  molecules  must  frequently
nterfere  with  the  associated  metabolic  processes,  and
hat  errors  keep  happening  at  the  level  of  translation
Perona  and  Gruic-Sovulj,  2014).  Yet,  the  genetic  code
eems,  at  ﬁrst  sight,  to  be  frozen.  However,  recruitment
f  new  codons  is  certainly  possible:  this  is  how  UGA  was
ecruited  to  introduce  in  proteins  selenocysteine,  a  paralog
f  cysteine,  where  selenium  behaves  as  a  paralog  of  sulphur
Brocker  et  al.,  2014).  This  input  favoured  synthesis  of
elenomethionine,  which  can  replace  methionine  with  vari-
ble  consequences,  depending  on  the  organism  (Gojkovic
t  al.,  2014).  In  the  same  way  UAG  was  recruited  to
ntroduce  pyrrolysine  in  proteins  (Theil  Have  et  al.,  2013).
urthermore,  niche  isolation  of  speciﬁc  organisms  or  even
lades  of  organisms  showed  that  the  code  keeps  evolving.
his  can  be  seen  with  Paramecium  protists  (where  UAG
ay  code  for  glutamine,  Preer  et  al.,  1985)  or  Candida
easts  (where  CUG  may  code  for  serine,  Gomes  et  al.,
007).  The  main  constraint  that  prevents  the  genetic  code
o  evolve  rapidly  is  likely  to  be  the  process  of  horizontal
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ene  transfer  (HGT).  In  a  context  where  cells  behave  as
omputers  making  computers  (Turing  Machines,  Danchin,
009),  genes  recruited  by  HGT  would  not  be  useful  if  they
ould  not  be  accurately  translated.  By  contrast,  an  advan-
age  of  codon  ambiguity  is  alteration  of  protein  surface
ntigens,  allowing  the  organism  to  escape  predators  and/or
scape  the  immune  system  of  possible  hosts.  Also,  there  is
urther  advantage  for  an  organism  to  become  genetically
solated  as  happens  when  the  genetic  code  differs  from  the
niversal  code,  as  this  renders  it  immediately  insensitive
o  a  large  number  of  viruses  (which  are  genes  deciphered
sing  the  standard  genetic  code).  However  this  change
omes  at  a  cost  that  of  losing  the  innovations  brought  about
y  horizontal  gene  transfer.  As  a  consequence,  the  actual
xation  of  a  particular  genetic  code  is  the  result  of  the
ifferent  trade-offs  between  all  these  constraints,  and  this
esults  in  a  very  slow  evolution  of  the  code,  if  any.
Besides  L-selenocysteine  as  a  paralog  of  L-cysteine,
he  emergence  of  D-amino  acids  as  paralogs  of  their  L-
ounterparts  is  the  inevitable  outcome  of  deamination
rocesses  that  produce  keto-acids  from  L-amino  acids.  These
nantiomers  are  therefore  commonplace  and  cells  have
nzymes  proofreading  the  corresponding  misacylation  of
RNA  (Wydau  et  al.,  2009).  However,  in  the  Bacteria  domain,
ells  recruited  several  of  those  as  a  way  to  make  an  envelope
hat  would  resist  standard  proteases  (which  have  evolved
o  cope  with  L-amino  acids)  (Radkov  and  Moe,  2014).  D-
mino  acids  are  also  frequently  recruited  in  the  synthesis  of
ntibiotics  using  non-ribosomal  peptide  synthesis  (Hur  et  al.,
012).
A  similar  situation  is  encountered  with  D-carbohydrates.
nevitable  racemisation  has  progressively  opened  up  new
unctions  that  cope  with  accidental  L-enantiomers.  A  case  in
oint  is  the  fate  of  L-rhamnose,  which  can  be  used  in  bacte-
ial  envelope  (Aguirre-Ramirez  et  al.,  2012),  as  are  D-amino
cids,  thus  escaping  the  most  common  carbohydrate  degra-
ation  enzymes.  However,  in  turn,  this  creates  a  novel  niche
or  the  organisms  which  evolved  enzymes  that  can  recog-
ise  these  types  of  substrate  (Rodionova  et  al.,  2013),  and
he  loop  is  opened  to  progressively  evolve  more  complicated
olecules,  as  well  as  novel  enzymes.
ide  reactions  of  standard  pathways
e  use  here  again  the  methionine  salvage  pathway  as  the
llustration  of  an  interesting  paralogous  reaction.  In  many
rganisms,  including  humans,  a  dioxygenase  catalyses  the
ast  step  before  synthesis  of  KMTB,  the  immediate  precur-
or  of  methionine  (Fig.  4).  This  dioxygenase  uses  Fe2+ as  a
ofactor  (Sparta  et  al.,  2013).  Surprisingly,  the  enzyme  has
wo  activities  depending  on  its  metal  co-factor.  When  iron
s  involved,  the  enzyme  produces  KMTB,  the  immediate  pre-
ursor  of  methionine,  together  with  formate.  In  contrast,
hen  nickel  is  involved,  carbon  monoxide  is  produced  in
ddition  to  formate,  together  with  3-methylthiopropionate
Wray  and  Abeles,  1995).  In  Bacillus  subtilis  we  found  that
O  was  produced  when  the  cells  were  grown  in  the  pres-
nce  of  methylthioribose  and  nickel  was  added  to  the  growth
edium  (Sekowska  et  al.,  2004).  Interestingly,  this  reaction
xists  in  human  cells,  where  CO  is  a  gaseous  mediator  of
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nﬂammation  and  this  should  be  explored  when  considering
he  harmful  effects  of  the  metal.
Even  more  interesting,  a  second  enzyme  of  the
ethionine  salvage  pathway  reveals  paralogous  reac-
ions  of  considerable  importance.  The  enolase  MtnW  that
cts  on  2,3-diketo-5-methylthiopentyl-1-phosphate  is  very
imilar  ribulose-1,5-bisphosphate  carboxylase/oxygenase
RuBisCO),  the  most  abundant  enzyme  on  earth  (responsible
or  carbon  ﬁxation  by  plants),  so  much  so  that  it  can  substi-
ute  for  MtnW  in  relevant  constructs,  albeit  with  very  poor
fﬁciency  (Ashida  et  al.,  2005).  Despite  the  fact  that  sulphur
etabolism  is  very  far  from  carbon  ﬁxation,  it  is  remarkable
hat  a  paralogous  reaction  could  have  been  recruited  for
ne  of  the  most  important  functions  of  living  organisms  on
arth.  This  implies  that  it  is  essential  to  introduce  enzyme
romiscuity  in  reﬂections  on  the  logic  of  metabolism.
he  cysteine  salvage  pathway
he  logic  of  metabolism  reﬂects  the  history  of  living  orga-
isms.  Amusingly,  natural  selection  resulted  in  streamlining
hemical  processes  in  a  way  that  is  not  very  different
rom  that  brought  about  by  human  inventivity.  We  illustrate
his  fact  in  the  protection/deprotection  process  involved
n  catabolism  of  S-methyl-cysteine  (SMeC)  in  B.  subtilis
Chan  et  al.,  2014).  Because  this  molecule  contains  a  reac-
ive  sulphur  atom,  a  straightforward  prediction  for  SMeC
atabolism  was  to  assume  that  the  oxygen-sensitive  sulphur
tom  was  the  ﬁrst  site  of  reaction  (Ohshiro  et  al.,  2005).
xidised  sulphur  would  have  been  subsequently  reduced  by
he  sulphate/sulphite  sulphur  assimilation  system.  Another
athway  could  have  used  a  beta-lyase  activity  generating
ethanethiol.  However,  experiments  involving  gene  inacti-
ation  showed  that  B.  subtilis  did  not  produce  a  signiﬁcant
mount  of  methanethiol  and  that  dioxygen  was  involved
n  the  process  (which  would  ﬁt  with  the  ﬁrst  hypothesis)
ut  that  the  enzymes  reducing  sulphate  were  not  involved
which  rejects  the  hypothesis  of  sulphur  oxidation).  Further-
ore,  inactivation  of  a  deformylase  encoded  by  gene  defB
revented  the  bacteria  to  use  SMeC.  An  operon  encoding
onooxygenases  was  shown  to  be  involved  in  the  process.
his  led  us  to  propose  a  scenario  where  the  amino  acid
nalogue  is  ﬁrst  protected  by  N-acetylation  (preventing  mis-
ncorporation  into  proteins),  followed  by  an  original  step
here  the  acyl-group  is  submitted  to  the  action  of  monooxy-
enases.  Subsequently,  an  N-deacetylation  step  results  in  an
-acylated  product  that  transfers  its  acyl  group  to  the  amino
roup,  as  is  the  case  of  the  OAS  isomerisation  to  NAS  (Lynch
t  al.,  1994).  Finally  N-acyl  cysteine  is  deacylated,  yielding
ysteine  (Fig.  5).
This  pathway  is  remarkable  in  that  it  proceeds  exactly  as
oes  the  chemist  in  her  laboratory,  protecting  groups  that
eed  not  be  affected  by  subsequent  steps  and  deprotect-
ng  the  compound  at  the  end  of  the  process  to  produce  the
esired  molecule.
inalehile  metabolism  is  at  the  core  of  the  way  life  develops
t  is  no  longer  fashionable,  as  many  do  not  see  the  underly-
ng  logic  that  underscores  the  chemical  transformations  that
The  logic  of  metabolism  23
Figure  5  Catabolism  of  S-methyl-cysteine  and  related  molecules.  (A)  Degradation  of  S-methyl-cysteine:  the  molecule  is  ﬁrst
‘‘protected’’  by  acetylation,  then  its  methyl  group  is  oxidised  into  a  formyl  group.  The  S-formyl  acetylated  molecule  is
‘‘deprotected’’  by  a  deacetylase.  Subsequently,  the  formyl-group  migrates  by  cyclisation  to  the  now  free  amino-group,  and  a
deformylase  liberates  cysteine.  (B)  A  similar  process  develops  with  S-ethyl-cysteine,  where  an  acetyl-group  plays  a  role  similar
to that  of  the  formyl-group  in  (A),  (C)  and  (D).  Tentative  scenario  of  the  degradation  of  S-carboxymethyl-cysteine  and  lanthio-
nine. In  both  cases  it  is  likely  that  the  oxidised  intermediate  is  unstable  and  will  be  expelled  out  of  the  enzyme  together  with
N-acetyl-cysteine.  More  work  is  necessary  to  explore  the  details  of  the  reaction.
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hape  the  cell’s  dynamics.  Yet,  while  genes  and  enzymes
ary  from  an  organism  (or  even  a  tissue  or  a  cell)  to  another
ne,  metabolites  stay  the  same.  Looking  at  life  processes
ill  therefore  beneﬁt  immensely  from  understanding  how
etabolic  pathways  are  organised  and  how  they  are  con-
ected  to  one  another.  The  short  stories  expounded  in  this
rticle  are  but  the  tip  of  the  iceberg,  but  we  hope  that  they
ill  entice  the  reader  to  ﬁnd  more.
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